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In the giant Rashba, polar semiconductor BiTel phonons as well as spin split bulk and surface 
states are probed using Raman scattering. The observed bulk states are in good agreement with 
symmetry considerations and photoemission data of spin splitting. A very large enhancement of 
the Raman scattering cross section is observed if the laser energy is tuned to interband transitions. 
This resonance allows to probe also surface scattering. The respective signal at low energies depends 
strongly on surface termination and surface potential shifts induced by the cleaving process. The 
resolved electronic scattering rate is not too different from a corresponding signal of surface states 
in the topological insulator Bi2Se3. In the latter materials Rashba split quantum well states are 
observed that are induced by band bending, leading to a surprizing similarity of the two materials. 

PACS numbers: 71.20.Nr, 71.70.Ej, 78.30.Am 



I. INTRODUCTION 

In the developing field of spintronics, materials are in- 
vestigated that allow to manipulate and use the electron 
spin for information processing, e.g. by taking advan- 
tage of spin induced energy splittings of electronic states. 
Three conditions have been identified to lead to such 
splittings of large magnitude without an external mag- 
netic fieldji (i) large atomic spin-orbit interaction in an 
inversion-asymmetric media, (ii) a narrow band gap, and 
(iii) the presence of highest energy valence and lowest 
energy conduction bands of the same symmetry. A re- 
lated aspect is Rashba coupling, based on both the sym- 
metry of the structure and large spin orbit coupling — 
Rashba coupling leads to a spin polarization depending 
momentum shift k,R and a resulting spin splitting of the 
electronic dispersions. 3 This shift is inevitably connected 
with broken inversion symmetry. Spin splittings of the 
order of several meV in zero magnetic fields have been 
found in InGaAs/InAlAs heterostructures^ semiconduc- 
tor interfaces^ and non-magnetic metallic surfaces^— A 
much larger splitting of the order of 200 meV has been 
reported for silver surfaces covered by Bi*S 

In BiTel only recently a so called giant Rashba effect 
has been discovered with a spin splitting of the order of 
0.4 eV at the Fermi surfaced This compound is a lay- 
ered, polar semiconductor and crystallizes in the primi- 
tive trigonal space group, P3ml = C^ v , No. 156, with 
one fomula unit per unit cell (z=l). The crystals struc- 
ture exhibits trigonal layers of the respective chemical 
elements with different relative orientation with respect 



to their stacking sequence along the crystallographic c- 
axis, see Fig. 1. The chemical bonding between Bi and 
Te can be described as more covalent in character than 
the Bi-I interaction. Nevertheless, both anions are in- 
volved in covalent bonding with Bi and across those void 
layers (□) exhibit dominant van-der-Waals type interac- 
tion. The latter is a much weaker interaction and thus 
allows two different surfaces, Te- and I-terminated, to be 
obtained by cleaving. This situation leads to a sufficient 
electric gradient that could significantly enhance Rashba 
coupling^ 

BiTel is in compliance with all three conditions 
discussed abovei 1 ' 11 : 12 Photoemission^ optical absorp- 
tion^ and Shubnikov-de Haas oscillations^ have been 
used to characterize the Rashba-split branches. As func- 
tion of pressure even a transition into a topologically or- 
dered state has been predicted.— Spin-orbit coupling leads 
to a general softening of phonon frequencies as shown in 
a combined band structure and Raman scattering inves- 
tigation of BiTel and BiTeCl^ 

Surprisingly, BiTel has surface electronic states that 
have a comparably large giant Rashba spin splitting as 
the bulk states This has an enormous relevance for 
spintronic applications. These states show a decisive de- 
pendence on surface termination while their momentum 
shift is insensitive to changes of the surface potentia L 16 i 17 
If Te terminated the surface leads to occupied surface 
states as the corresponding bands bend below the bulk 
valence bands. The opposite happens for I termination. 

Spin-orbit coupling is essential for the Rashba split- 
ting in BiTel. In the topological insulator Bi2Se3 with 



2 



an inversion center it can be accounted for surface states 
with spin momentum locking and topological order J^r— 
Bi2Se3 is also a small gap (A = 0.3 eV), degenerate semi- 
conductor with a similar doping due to nonstoichiometry. 
It has a layered, rhombohedral crystal structure (-D| d ). 
For the two compounds the interatomic distances are 
very similar and the size of the gap in Bi2Se3 and the spin 
splitting in BiTel are of similar magnitude. The topolog- 
ical protection of the surface states of Bi2Se3 involves 
only elastic backscattering processes. Nevertheless, at 
present also inelastic scattering processes of the Dirac 
states are discussed, e.g. based on scanning tunneling 
spectroscopy^ and Raman experiments^ It is therefore 
of interest to compare the giant Rashba system BiTel 
and topological insulators with respect to scattering pro- 
cesses of the surface states. This comparison could shed 
some light on the role and interplay of spin orbit coupling 
with other degrees of freedom in these materials. 

We have performed Raman scattering experiments on 
BiTel single crystals and have observed bulk phonon 
and electronic excitations with a pronounced resonance 
as function of the incident laser radiation. Low energy 
excitations that are attribute to surface scattering are 
observed only on one type of surface, similarly to pre- 
dictions concerning the electronic properties of certain 
surface terminations. Furthermore, in Raman scattering 
these states show a similar phenomenology as the topo- 
logical surface states in Bi2Se3. This is attributed to 
a comparable quasiparticle dynamics in both classes of 
materials. 



II. EXPERIMENTAL 

Raman scattering experiments in quasi-backscattering 
geometry using a A = 532 nm solid state laser were per- 
formed in single crystals prepared both by transport and 
Bridgman techniques. The presented data is from crys- 
tals from latter technique. Circular light polarizations 
are denoted by RR and RL. To probe resonances of the 
scattering cross sections we used different laser lines of an 
argon-krypton mixed ion laser. Due to the low melting 
point of BiTel (520°C) special care has been taken not 
to deteriorate the sample surfaces with the incident laser. 
The laser power was set to 5 mW with a spot diameter 
of approximately 100 fim to avoid heating effects. All 
measurements were carried out in an evacuated closed 
cycle cryostat in the temperature range from 6.5 K to 
295 K. The spectra were collected using a triple Raman 
spectrometer (Dilor-XY-500) with an attached liquid ni- 
trogen cooled CCD (Horiba Jobin-Yvon, Spectrum One 
CCD-3000V). 

Freshly cleaved sample surfaces were prepared at am- 
bient conditions using scotch tape from the "top" as well 
as from the "bottom" of large single crystals (typical size 
4x4x2 mm 3 ). Cleaved-off pieces as well as their oppo- 
site faces of the single crystals are rapidly cooled down 
in vacuum to minimize surface degradation. The prepa- 




FIG. 1. (Colour online) Sketch of the crystal structure of 
BiTel in two projections. Layers of Bi, Te I and voids are 
marked. Selected bonds that are cut by cleaving and establish 
the Te and I terminated surface are drawn by thick lines. 

ration of cleaved single crystal surfaces of layered V2VI3 
compounds at ambient conditions is known for inducing 
a surface water layer that later shifts the chemical po- 
tential as a function of time. We have therefore carefully 
checked time dependencies and found evidence that scat- 
tering attributed to surface modes is affected by such 
effects. 



III. RESULTS AND DISCUSSION 
A. Phonon scattering 

Low-frequency Raman spectra of BiTel from the ab- 
plane in parallel {XX) and crossed (YX) and two circu- 
lar polarization configurations are shown in Fig. 2. The 
spectra are well polarized and four strong lines can be 
easily identified in the spectra. According to the space 
group P3ml, the Bi, Te, and I have site symmetries given 
by lc, lb, and la, respectively. This, indeed, leads to 
r = 2Ai + 2E = 4 Raman-active phonon modes. Lines 
located at 93 and 150 cm -1 are assigned to Ai(l) and 
Ai(2) phonon modes. The lines at 55 and 102 cm" 1 cor- 
respond to E(l) and E{2) phonon modes, respectively. 
These phonon lines are superimposed by a structured 
but weaker background of probably defect or electronic 
scattering origin (see Fig. 3). With exception of the 
Ai(2) mode at 150 cm -1 all Raman active phonon have 
a symmetric line shape. We interpret the asymmetric 
line shape of the latter mode as due to coupling to elec- 
tronic degrees of freedom (Fano line shape). A similar 
asymmetry has been observed in optical absorption of a 
mode at 143 cm -1 .— The spectra from samples grown 
by Bridgman and transport techniques are identical with 
respect to the phonon frequencies. Slight deviations ex- 
ist with respect to the intensity of some phonons and the 
background scattering. The shown data are in general 
agreement with an earlier Raman scattering and band 
structure investigation of BiTel and BiTeClj^ 

In Fig. 3 the temperature evolution of the XX spectra 
is shown. Upon warming up to room temperature the 
phonon modes undergo a moderate softening and their 
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FIG. 2. (Colour online) Polarized Raman spectra in different 
scattering configurations of the single crystal surface, includ- 
ing circular polarizations of BiTel at T = 6.5 K and A = 532 
nm. Spectra are shifted in intensity for clarity. The phonons 
with higher scattering intensity are cut off to emphasis sig- 
nals with smaller intensity. The inset gives a fit by Lorentzian 
lines to an unpolarized Raman spectrum. 



linewidths are increasing. The low temperature data with 
small linewidths allows a fitting to individual Lorentzian 
lines, shown in Fig. 2. According to this analysis and 
general knowledge on light scattering in semiconductors 
— there exists a splitting of the dipole-active lattice vi- 
brations of the order of 5 cm -1 into doublets of longitudi- 
nal (LO) and transverse (TO) vibrations. These doublets 
are observed as in our experiment the scattering wave 
vector q has a component perpendicular to the crystal- 
lographic c axis. We have omitted a further analysis of 
these modes as these aspects are not in the center of our 
investigation and refer to Ref J^. 

Raman scattering with different incident Laser ener- 
gies may lead to important information about electronic 
states involved in the scattering process. Respective data 
using discrete laser lines in the energy range 1.96 to 2.54 
eV lead to a large change of the phonon mode inten- 
sity situated in the high photon energy regime. In con- 
trast, we do not observe a general change or increase of 
the background scattering. This might support its as- 
signment to defect scattering. In Fig 4 resonant Raman 
profiles determined from three phonon modes are shown. 
These normalized dependencies overlap very well and we 
follow a resonant enhancement of the intensity at ~ 2.4 
eV (T = 6.5 K). This characteristic energy fits to some 
electronic dispersions at the F point J^- Therefore we at- 
tribute the resonance to an interband transition. It is in- 
teresting to note that also in the centrosymmetric Bi2Se3 
a resonant enhancement of the scattering intensity has 
been observed and used to amplify the sensitivity of the 
experiments ^ 
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FIG. 3. (Colour online) Temperature evolution of the XX 
Raman spectra of BiTel with A = 532 nm. 



B. Bulk electron scattering 

We also searched the high energy spectral range for 
excitations and found two narrow and weak lines in XX 
polarized Raman spectra at about 1550 (0.19 eV) and 
2323 cm" 1 (0.29 eV), see Fig. 5. The nonobservation 
of these lines in XY polarization implies that they are 
not related to spin-flip or one-magnon scattering but to 
an electronic scattering process of interband character. 
Such a process, while weak in intensity is not screened by 
Coulomb interaction in contrast to intraband electronic 
fluctuations. In optical reflectivity two intraband transi- 
tions from the Fermi level to the conduction bands have 
been observed, denoted by a and j3, in the inset of Fig. 
5. These transitions originate from the Rashba splitting 
of the electronic bands. The energies of our modes per- 
fectly correspond to the optical and photoemission data 
and are therefore another independent proof of the giant 
Rashba splitting in BiTel. On the other side the small 
line width of the modes is noteworthy. This evidences 
a rather small interaction with the continuum of bulk 
states which they are energetically close to, see inset of 
Fig. 5. 

The intensity of intraband transitions should be pro- 
portional to the carrier density n as they are related to 
the Fermi surface area. However, only the energy of the 
intraband transition a strongly depends on n, while f3 
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FIG. 4. (Colour online) Normalized resonant intensity profiles 
for three phonon lines as function of incident Laser energy. 
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FIG. 5. (Colour online) High frequency Raman spectra of 
BiTel measured in XX and YX scattering geometries at 6.5 
K. The inset shows the band dispersion near the A point with 
the spin polarization dependent shifts of the bands. Possible 
optical transitions are indicated by arrows denoted by a and 
P. 



is nearly independent, see inset of Fig. 5. This is ex- 
pected, as with increasing n, the Fermi level shifts to the 
band crossing point and, consequently, a shifts towards 
zero energyJ^ Based on our observations, we conclude 
that Ep of the studied sample is located below the band 
crossing point. Note also that the light penetration depth 
of visible light in BiTel is around 1000 A which is much 
larger than the estimated (d ~ 20 A) thickness of the 
band-bending surface layer where a significant accumu- 
lation of electrons is achieved^ 
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FIG. 6. (Colour online) Raman spectra of BiTel obtained on 
a) surface 1 (i.e. the thin, cleaved-off layer) and b) surface 2 
(opposite bulk piece). The spectra were measured at T = 6.5 
K and in RL polarization two (black curve) and three (red 
curve) days after cleaving, c) Time evolution of the low energy 
continuum for both surfaces over a period of 4 days. 



C. Surface scattering 

In the following we will discuss effects that we attribute 
to electronic surface states of BiTel. This assignment is 
based on their spectral range and phenomenology as dis- 
cussed below. From ARPES experiments as well as the- 
ory it is known that BiTel shows specific electronic sur- 
face states that are also spin split i 15 i 16 

In Fig. 6 we show Raman spectra from two different 
surface types denoted as surface 1 and 2. They corre- 
spond to two freshly prepared, opposite faces that are 
gained by cleaving a single crystal close to the "top". 
Similar data are achieved taking the two surfaces by 
cleaving closer to the bottom of the crystal and exchang- 
ing the numbering. According to Fig. 1 these faces cor- 
respond to the two preferable surface terminations, Te 
and /, that the large difference in ionicity/covalency of 
the respective bond to the Bi layer exposes. The well de- 
fined difference in low energy Raman scattering through 
the height of the crystal proves that its orientation with 
respect to the crystallographic c axis is maintained and 
that stacking faults can be safely disregarded. 

There is no difference in phonon Raman scattering of 
the two surfaces as the phonons are bulk excitations. 
However, surface 2 shows an additional low energy sig- 
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TABLE I. Scattering rates determined from collision domi- 
nated Raman scattering in several compounds. 



Compound 


r [cnr 1 ] 


Width [cm" 1 ] 


Reference 


BiTel 


34 


75 


this work 


Bi 2 Se 3 


39 


80 


22 


Eu!- x Gd x O 


20-45, f(T) 




26 


Na x C'o0 2 , x=0.78 


58 




25 



nal for frequencies below Aw w 150 cm -1 , indicated by 
the solid green line in Fig. 6 b. This scattering can 
be separated into two contributions, see dashed lines. 
There exist a Lorentzian (linewidth w = 75 cm , energy 
E m ax = 34 cm -1 ) and quasi-elastic scattering (E w 0). 
With respect to selection rules, the Lorentzian has dom- 
inant intensity in RL and XX configuration, similar to 
the E bulk phonons. The low energy scattering on sur- 
face 1 is much weaker and could also be a remaining of 
the weakly temperature dependent continuum that we 
described earlier and attributed to defects, see Fig. 3. 

Quasi-elastic scattering may be attributed to several 
kind of fluctuations. In contrast, low energy Lorentzian 
scattering with a linewidth larger than phonon scatter- 
ing is usually attributed to collision dominated electronic 
scattering.— Such a scattering contribution is observed if 
there exist one dominant channel of scattering, e.g. on 
spin or charge polarons, that prevents the usual screening 
of electronic intraband scattering^ The maximum of the 
Lorentzian gives a reasonable estimate of the scattering 
rate of this process, T = E max . 

The observed scattering rate T = 34 cm -1 in BiTel is 
comparable to Eu\- x Gd x O in the proximity to a metal 
insulator transition^ and Na x CoOi with spin-state po- 
larons, see Table 1^ Finally and importantly it is also 
very close to observations in the topological insulator 
Bi<iSe%2~ hi this compound a maximum with chiral, 
RL symmetry is observed and attributed to scattering 
from Dirac to bulk states^. Such a scattering process of 
the topologically protected surface states may be surpris- 
ing. However, it could be related to the generally small 
spin lifetime of Dirac states due to their spin-momentum 
locking^ and that the prohibited scattering concerns 
only elastic (back scattering) processes. This means that 
each scattering process in B%2Se^ that is not prohibited 
by topological protection involves spin scattering. 

In BiTel the surface electron states are not spin- 
momentum coupled. However, there are peculiarities 
based on the combination of the spin splitting with the 
surface state bending. The enormous spin splitting in 
the proximity of the Fermi energy leads to two differ- 
ently spin polarized Fermi surfaces, an inner cylindrical 
and an outer hexagonally warped one. It has been found 
that larger in-plane potential gradients, corresponding to 
the localization of states, lead to a larger out-of-plane 5*2 
component.— This effect together with warping enhanced 
nesting for one spin polarization. Nesting leads to an en- 
hanced electronic scattering for one spin polarization and 
this, finally, we take responsible for the observed scat- 



tering rates similar to polaronic systems. Please note 
that the termination of the surface determines the en- 
ergy of the respective spin polarized Fermi surface. En- 
hanced quasiparticle dynamics at the Te terminated sur- 
face have also been proposed by theory. Rough estima- 
tions of the quasiparticle scattering rate lead to the range 
r pa 0.5 — 4 meV, see Fig. 3b) in Refi^i. This is in reason- 
able agreement with our experimental data considering 
that 5 meVw40cm- 1 . 

The Lorentzian scattering intensity also shows a re- 
markable time dependence, see Fig. 6 c. Its inten- 
sity starts to increase about 12 h after the cleavage, in- 
creases further until it reaches its maximum after about 
three days. The latter continuum exhibits no pronounced 
change with time even 5 days after cleavage. For very 
long times, at about 100 h after cleavage, the quasi-elastic 
tail dominates the low energy regime and it becomes dif- 
ficult to separate it from the Lorentzian. As mentioned 
above, layered halides and chalcogenides are prone to sur- 
face modifications and the generation of a surface water 
layer after cleaving under ambient conditions. This layer 
and resulting surface reactions shift the chemical surface 
potential as a function of time. Electronic surface states 
react on this shift. 

Such effects are well documented in photoemission ex- 
periments on the Dirac states in B%2Se^^. Here time 
dependent shifts of the Dirac states below Ep have been 
observed that depend on surface conditions. It has been 
suggested that, e.g. surface reactions with water create 
time dependent band bendings^ Also K and Rb doping 
of the surface leads to such effects. As a result quantum 
well states with strong Rashba splittings are directly ob- 
served in photo emission. In our experiments on BiTel 
the surface states are already spin split and the poten- 
tial shift only modifies the warping of the spin polarized 
Fermi surfaces. Warping and nesting of a Fermi surfaces 
leads to an anisotropic selection of scattering vectors that 
enhances collision dominated processes^ Thereby the 
intensity of related Raman scattering processes is modi- 
fied 4i In addition recent photoemission experiments ev- 
idence that the momentum shift and the spin splitting 
remain unaltered and intact during the band bending. 17 
These observations are important details to enable future 
applications of these states in spintronicsJ^ 



IV. SUMMARY 

In summary, Raman scattering experiments in in BiTel 
show a pronounced resonance of the bulk phonon as well 
as high energy electronic excitations. The electronic exci- 
tations are due to the giant Rashba splittings of the bands 
and correspond very well to experimental data from pho- 
toemission and optical absorption as well as band struc- 
ture calculations. Additional low energy excitations are 
observed that decisively depend on surface termination. 
These states show a high sensitivity on band banding ef- 
fects exemplified by a dependence of the scattering inten- 
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sity of the time after cleavage under ambient condition. 
The Lorentzian contribution to this scattering is modeled 
as collision dominated scattering with a scattering rate 
of r = 34 cm . It points to an enhanced quasiparti- 
cle dynamics on BiTel surfaces, very similar to spectral 
features observed for Dirac states on the topological in- 



sulator Bi2Se^,. 
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